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Abstract. Two recent satellite instruments — the Microwave Limb Sounder (MLS)
on Aura and the Atmospheric Chemistry Experiment Fourier Transform Spectrom-
eter (ACE-FTS) on SCISAT-1 — provide an unparalleled opportunity to investigate
stratospheric chlorine partitioning. We use measurements of ClO, HCI, CIONO,,
and other species from MLS and ACE-FTS to study the evolution of reactive
and reservoir chlorine throughout the lower stratosphere during two Arctic and
two Antarctic winters characterizing both relatively cold and relatively warm and
disturbed conditions in each hemisphere. At middle latitudes, and at high latitudes
at the beginning of winter, HCI greatly exceeds CIONO,, representing ~0.7-0.8
of estimated total inorganic chlorine. Nearly complete chlorine activation is seen
inside the winter polar vortices. In the Antarctic, chlorine deactivation proceeds
in a similar manner in both winters, with a rapid rise in HCl accompanying the
decrease in ClO. In the Arctic, chlorine recovery follows different paths in the two
winters: In 2004/2005, deactivation occurs through initial reformation of CIONO,
followed by slow repartitioning between CIONO, and HCI, in agreement with
the canonical view, whereas in 2005/2006, HCI and CIONO, rise at comparable
rates in some regions. The measurements are compared to customized runs of the
updated SLIMCAT three-dimensional chemical transport model. Measured and
modeled values typically agree well outside the winter polar regions. In contrast, as
a consequence of the equilibrium scheme used to parameterize polar stratospheric

clouds, the model overestimates the magnitude, spatial extent, and duration of

chlorine activation inside the polar vortices.

1. Introduction

Understanding the latitudinal, seasonal, and interannual
variations in reactive and reservoir chlorine species, and
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their relative partitioning, is essential for predicting future
stratospheric ozone recovery. Despite numerous observa-
tional and modeling studies over the past two decades, as-
pects of stratospheric chlorine partitioning at both middle
and high latitudes remain uncertain. Most previous stud-
ies have been hampered by the lack of concurrent measure-
ments of ClO, the predominant form of reactive chlorine in
the stratosphere, and CIONO, and HCI, the two main chlo-
rine reservoirs.

Chlorine partitioning undergoes strong seasonal varia-
tions in the lower stratosphere, as low temperatures in the
winter polar vortices promote heterogeneous reactions on
the surfaces of polar stratospheric clouds (PSCs) or sul-
fate aerosols that convert chlorine from reservoir to reac-
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tive forms. In the Antarctic, ClO is enhanced in the sun-
lit portions of the vortex by late May/early June [Santee
et al., 2003, and references therein]. Virtually all HCI has
been converted to reactive forms by early to mid-September,
but it is then rapidly regenerated, recovering to near unper-
turbed abundances by mid-to-late October [Toon et al., 1989;
Murcray et al., 1989; Liu et al., 1992; Kreher et al., 1996;
Santee et al., 1996; Notholt et al., 1997a]. Modeling stud-
ies [Prather and Jaffe, 1990; Douglass et al., 1995; Groofs
etal., 1997,2005; Mickley et al., 1997; Douglass and Kawa,
1999; Michelsen et al., 1999] have shown that, in the ab-
sence of denitrification (the irreversible removal of total re-
active nitrogen from the lower stratosphere through the sed-
imentation of PSC particles, which limits the availability of
NO; for producing CIONO,), the relative rates of springtime
chlorine reservoir formation are controlled by ozone: Un-
der severely depleted conditions typical of Antarctic spring
(O3 <~0.5ppmv), HCI production is highly favored. Some
studies, however, have found a mismatch between the de-
cay of reactive chlorine and the production of chlorine reser-
voirs in the Antarctic lower stratospheric vortex [e.g., Santee
et al., 1996; Chipperfield et al., 1996].

The Arctic exhibits a large degree of interannual vari-
ability, with ClO significantly enhanced by mid-December
in some years but not until January (or not at all) in others
[e.g., Toohey et al., 1993; Santee et al., 2003, and references
therein]. Measurements from ground-based, balloon, air-
craft, and satellite instruments have indicated that, after ris-
ing temperatures curtail heterogeneous processing, HCI re-
mains depressed, whereas CIONO; increases rapidly, so that
by spring it is well above initial values and exceeds HCl by
as much as a factor of two [Oelhaf et al., 1994; Adrian et al.,
1994; Toon et al., 1994; Roche et al., 1994; Blom et al., 1995;
Wehr et al., 1995; Miiller et al., 1996; Notholt et al., 1997b;
Blumenstock et al., 1997; Payan et al., 1998; Galle et al.,
1999; Mellgvist et al., 2002]. Modeling studies have shown
that, for the ozone and odd nitrogen concentrations typical
of the Arctic, the primary chlorine recovery pathway is the
reformation of CIONQO,, which then remains the dominant
chlorine reservoir for more than a month as the equilibrium
between CIONO, and HCl is slowly reestablished [Prather
and Jaffe, 1990; Lutman et al., 1994; Miiller et al., 1994;
Douglass et al., 1995; Douglass and Kawa, 1999; Michelsen
et al., 1999]. Recently, however, in situ measurements ob-
tained during the exceptionally cold 1999/2000 winter have
been used to challenge the canonical picture of preferential
CIONO. recovery in the Arctic [Wilmouth et al., 2006]. Al-
though HC1 was observed to be low and roughly constant on
flights into the vortex in January and March, an inferred low
bias in the HCI implied the presence of substantially larger
amounts of HCI inside the midwinter vortex than expected.
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Results from a box model suggested that HCl production
accompanies CIONO, production and may be considerably
more important in chlorine recovery in the Arctic than pre-
viously believed.

Two recent satellite instruments provide measurements
of unprecedented scope for investigating chlorine partition-
ing. The Atmospheric Chemistry Experiment Fourier Trans-
form Spectrometer (ACE-FTS) on the Canadian SCISAT-1
mission has been providing solar occultation profiles of a
large number of species, including HCl and CIONO,, since
February 2004 [Bernath et al., 2005]. An advanced suc-
cessor to the Upper Atmosphere Research Satellite (UARS)
Microwave Limb Sounder (MLS) was launched as part of
NASA’s Aura mission in July 2004. Aura MLS measures
several key species, including the first simultaneous daily
global profiles of HCI and ClO [Waters et al., 2006]. MLS
began routine operations in time to observe the 2004 Antarc-
tic late winter, which, by Antarctic standards, was relatively
warm and dynamically disturbed, with less ozone loss than
in most other recent years; by contrast, the 2005 ozone hole
was typical of the last decade [World Meteorological Or-
ganization, 2007]. The first two Arctic winters observed
by Aura also provide a study in contrasts: The 2004/2005
winter was the coldest on record in the lower stratosphere,
with large chemical ozone losses [Manney et al., 2006; Rex
et al., 2006; von Hobe et al., 2006; Jin et al., 2006; Single-
ton et al., 2007; Feng et al., 2007], whereas in 2005/2006 a
major warming in late January prematurely terminated pro-
cessing, inhibiting ozone loss [World Meteorological Orga-
nization, 2006]. In this paper, theoretical understanding of
chlorine partitioning throughout the lower stratosphere is as-
sessed by comparing the measurements to customized runs
of the updated SLIMCAT chemical transport model [Chip-
perfield, 2006].

2. Measurement and Model Descriptions

2.1. MLS Measurements

MLS measures millimeter- and submillimeter-wavelength
thermal emission from the limb of Earth’s atmosphere [Wa-
ters et al., 2006]. The Aura MLS fields of view point in
the direction of orbital motion and vertically scan the limb
in the orbit plane, leading to data coverage from 82°S to
82°N latitude on every orbit. Because the Aura orbit is sun-
synchronous, MLS observations at a given latitude on either
the ascending or descending side of the orbit have essen-
tially the same local solar time. Vertical profiles are mea-
sured every ~165km along the suborbital track and have
~400 km along-track and ~3—10km across-track horizontal
resolution. Vertical resolution is ~3—4km in the lower to
middle stratosphere, depending on the product [Froidevaux
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et al., 2006; Livesey et al., 2005].

In this study we use ClO, HCI, O3z, H,O, N;O, and
HNO3 from the first publicly-released Aura MLS dataset,
version 1.5 (v1.5) [Livesey et al., 2006]. Single-profile
measurement precisions are estimated to be 0.1-0.2 ppbv,
0.1-0.2 ppbv, 0.2-0.3 ppmv, 0.2-0.3 ppmv, 15-30 ppbv, and
~1 ppbv for CIO, HCI, O3, H;O, N,O, and HNO3, respec-
tively, for the range of altitudes shown here [Froidevaux
et al., 2006; Livesey et al., 2005]. For the latitude-band av-
erages on which most of the conclusions of this study are
based, the estimated precisions are ~30-50% smaller than
these values. Validation analyses for v1.5 HCI, O3, H,O,
and N, O indicate overall good agreement (typically within
5-20%) with data from balloon-borne and other space-based
instruments [Froidevaux et al., 2006]. In contrast, v1.5
HNOj data are biased high by ~10-40% relative to nearly-
coincident satellite and balloon measurements [Froidevaux
et al., 2006; Barret et al., 2006]. To correct for this arti-
fact, which has been traced to a typographical error in one of
the spectroscopy files used in v1.5 processing [Santee et al.,
2007b], MLS HNOj3 values have been scaled by 0.7 here.
V1.5 ClO measurements compare well with those from the
Submillimetre Radiometer (SMR) on the Odin satellite ex-
cept at retrieval levels below 22 hPa, where they have a sys-
tematic negative bias of nearly 0.3 ppbv [Livesey et al., 2005;
Barret et al., 2006]. As discussed by Santee et al. [2007a],
who quantify a similar (but slightly larger) negative bias in
the v2.2 MLS CIO data, it is necessary to correct individ-
ual C10 measurements by subtracting the estimated negative
bias at each of the affected retrieval levels before interpola-
tion to potential temperature surfaces. The estimated mag-
nitudes of the bias in the v1.5 CIO measurements are —0.04,
—0.12, —0.24, and —0.29 ppbv at 32, 46, 68, and 100 hPa,
respectively.

2.2. ACE-FTS Measurements

ACE-FTS, the primary instrument on SCISAT-1, is a
high-resolution (0.02 cm~!) infrared Fourier transform spec-
trometer that measures solar occultation spectra between 2.2
and 13.3 um (750-4400cm™—") [Bernath et al., 2005]. Verti-
cal profiles are retrieved for up to 15 sunrises and 15 sunsets
per day, whose latitudes vary over an annual cycle from 85°S
to 85°N with an emphasis on the polar regions during winter
and spring. Vertical and horizontal resolution of the ACE-
FTS measurements are 3—4 km and ~500 km, respectively.

We use ACE-FTS version 2.2 (v2.2) HCI, CIONO,, O3,
HNOj, N,O, CHy4, and H,O data [Boone et al., 2005].
Froidevaux et al. [2007] showed that ACE-FTS v2.2 HCl
agrees with Aura MLS v2.2 HCI to within ~5%; previously,
Froidevaux et al. [2006] found similar agreement between
v1.5 MLS and v2.1 ACE-FTS HCI. Dufour et al. [2006] es-
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timated the total error in v2.2 CIONO; to be 10-12% in the
lower stratosphere, and good agreement (mean differences
less than 0.03 ppbv below 26km) has been demonstrated
with MIPAS CIONO, [Hdopfner et al., 2007]. For O3, we use
the v2.2 “ozone update” retrievals, which agree with a num-
ber of other satellite datasets to within 5-10%. Dedicated
validation papers for ACE-FTS v2.2 measurements are in

preparation (for a list see https://brutus.uwaterloo.ca/acedocs/tiki-

index.php?page=ACPSpeciallssue). ClO is also retrieved
from ACE-FTS spectra, but at this time it remains a re-
search product requiring special handling [K. Walker, per-
sonal communication, 2005; Dufour et al., 2006] and is not
included in this study.

2.3. Model Calculations

SLIMCAT is a three-dimensional (3D) off-line chemi-
cal transport model [Chipperfield et al., 1996; Chipperfield,
1999] that has been used extensively to investigate a wide
range of polar processes. The model configuration has re-
cently undergone substantial revision [Chipperfield, 2006],
greatly improving its ability to reproduce polar chemical
and dynamical processes [Chipperfield, 2006; Chipperfield
et al., 2005; Feng et al., 2005]. The updated model has now
been used to estimate chemical ozone loss during several
Arctic winters [e.g., Feng et al., 2005, 2007; Goutail et al.,
2005; Singleton et al., 2005, 2007].

SLIMCAT includes a detailed description of stratospheric
chemistry. Photochemical data are taken from JPL 2003
[Sander et al., 2003], except for the Cl,O, photolysis rate,
for which the values of Burkholder et al. [1990] are used,
with a long-wavelength extrapolation to 450nm [Stimpfle
et al., 2004]. The model is forced using specified bottom
boundary conditions for surface volume mixing ratios of
source gases, taken from World Meteorological Organiza-
tion [2003] scenarios with the addition of 100 pptv of inor-
ganic chlorine, Cly, and 6 pptv of inorganic bromine, Br, to
account for contributions from short-lived species.

The model also includes heterogeneous reactions on cold
liquid sulfate aerosols and nitric acid trihydrate (NAT) and
ice polar stratospheric clouds (PSCs) [Chipperfield, 1999;
Davies et al., 2002]. The key reactions are: (1) CIONO; +
HCl — CI; + HNO3, (2) CIONO; + H,O — HOCI +
HNOs3, and (3) HOCI + HCl — ClI, + H,O. On NAT sur-
faces the model uses reaction probabilities (y) of 0.2 for
Reaction 1, 0.004 for Reaction 2, and 0.1 for Reaction 3
[Sander et al., 2003]. For cold liquid sulfate aerosols, Reac-
tions 1 and 2 are parameterized following Hanson and Rav-
ishankara [1994], with HCI solubility taken from Luo et al.
[1995]. Reaction 3 is treated as a bulk aqueous reaction with

a second order rate constant of 1 x 10° dm3mol s~ !.

Although a 3D Lagrangian NAT particle sedimentation
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model has been employed with SLIMCAT to investigate
Arctic denitrification [Mann et al., 2002, 2003, 2005; Davies
etal., 2005, 2006], none of those studies used coupled chem-
istry. The “standard” version of SLIMCAT used here and in
most other studies of polar processing and ozone loss does
not include a microphysical model. Rather, PSCs are as-
sumed to form at the equilibrium NAT saturation temper-
ature, calculated according to Hanson and Mauersberger
[1988], and to instantaneously grow to a specified size.
Davies et al. [2006] showed that, compared to microphys-
ical models, NAT equilibrium schemes lead to earlier and
more severe denitrification than observed. This overestima-
tion of PSC occurrence and denitrification has ramifications
for both the activation and the deactivation of chlorine in the
model.

The seasonal simulations analyzed here have 2.8° x 2.8°
horizontal resolution and 50 vertical levels from the surface
to 3000K (~60km), with purely isentropic surfaces above
350K and a spacing of ~20K between 450 and 680K. For
many species SLIMCAT is initialized using output from a
lower-resolution (7.5° x 7.5°) multi-annual run [e.g., Feng
et al., 2005; Singleton et al., 2005]. For O3 and H,O, ini-
tial values are taken from MLS measurements. Initial HCI
is also taken from MLS, with model initial CIONO, and
reactive chlorine adjusted such that the original model Cl,
is retained (note that no further adjustment of CIONO;, or
reactive chlorine is performed as the run progresses). Ini-
tial HNO3 is based on MLS data in the lower stratosphere,
scaled by 0.7 to account for the known high bias in v1.5
MLS HNO3 measurements (see section 2.1); no adjustment
to other NO, species is made, and above 1050K the ini-
tialization reverts to the original model HNO3 field. Simi-
larly, N, O initialization is based on MLS measurements be-
low 1450K, merged with the original model values above
that level. For each MLS measurement an equivalent model
value, interpolated to the same location, is taken at the near-
est available time (always within 15 minutes).

Horizontal winds and temperatures for these simulations
are from the European Centre for Medium-Range Weather
Forecasts (ECMWF) analyses [Simmons et al., 2005]. For
some of the winters examined here, corresponding SLIM-
CAT runs were performed using U.K. Met Office analy-
ses [Swinbank et al., 2002]. The general characteristics of
model/measurement agreement were found to be similar for
ECMWEF- and Met Office-driven simulations.

Off-line calculations [MacKenzie et al., 1996] are per-
formed to infer total reactive chlorine (ClO, = CIO + 2
x Clp0;) from MLS CIO using the same photochemi-
cal parameters and photolysis scheme as SLIMCAT. Be-
cause Cl,0O, is assumed to be in photochemical equilib-
rium with ClO, the calculations are performed only for day-
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light (solar zenith angles less than 89°) measurements. The
largest uncertainty in inferred CIO; lies in the Cl,O, pho-
tolysis rate. Equilibrium Cl,O; values calculated using the
long-wavelength extrapolation of Cl,O; cross sections from
Burkholder et al. [1990] are 40-50% smaller than those
given by JPL 2003 cross sections but are more consistent
with Cl, O, measurements [Stimpfle et al., 2004].

3. Northern Hemisphere Seasonal Evolution

3.1. The 2004/2005 Arctic Winter

The Northern Hemisphere lower stratosphere was ex-
tremely cold throughout most of the 2004/2005 winter. Tem-
peratures were low enough for PSCs on 95 days, more than
any other Arctic winter on record, and low temperatures also
covered a much broader area than usual [Kleinbohl et al.,
2005; Manney et al., 2006]. In addition, the 2004/2005 lower
stratospheric polar vortex was stronger than average, but it
was also very active and distorted, with frequent intrusions
of extravortex air and mixing between vortex edge and core
regions, particularly during late winter [Manney et al., 2006;
Schoeberl et al., 2006].

The evolution of chlorine partitioning in the 2004/2005
winter is shown in Figure 1. Measured and modeled quan-
tities are broadly consistent, but MLS indicates significant
vortex-averaged chlorine activation from the beginning of
January, whereas SLIMCAT indicates the onset of enhanced
CIO and an abrupt decline in HCI (compare the slopes of
the HCI contours) more than a month earlier. The poor cov-
erage of ACE-FTS inside the polar vortex in December (see

https://databace.uwaterloo.ca/validation/measurementdescription.php

for ACE-FTS occultation locations) precludes comparison
of measured and modeled CIONO; in early winter, but data
from the beginning of January suggest model overestima-
tion of CIONO, depletion. Furthermore, reactive chlorine
extends over a larger vertical domain and maximum abun-
dances persist longer at the end of winter in the model than
in the MLS data.

The MLS data in Figure 1 indicate maximum ClO en-
hancement near 490K (~20km) for much of the winter,
so we focus on that level in Figure 2, which shows daily
averages similar to zonal means but calculated as a func-
tion of equivalent latitude (EqL, the latitude encircling the
same area as a given contour of PV [Butchart and Remsberg,
1986]) to provide a vortex-centered view. Again, both C1O
and HCI show earlier and more substantial chemical pro-
cessing in the model than observed by MLS; modeled chlo-
rine activation also extends to slightly lower EqLs. Similar
results are obtained throughout the lower stratosphere (not
shown), with the degree of model over-activation even more
striking at higher altitudes.
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Figure 1. Time series over the 2004/2005 Arctic winter of vortex-averaged quantities calculated within the 1.6x 10~* s~! contour of scaled potential vorticity
(where sPV, which has roughly the same values on isentropic surfaces throughout the stratosphere, is calculated using the method of Manney et al. [1994])
as a function of potential temperature. (Top row) ClO and HCI data from Aura MLS and CIONO, data from ACE-FTS. Only daytime (ascending) data
are shown for ClO; the individual measurements contributing to the daily averages have been adjusted to correct for a known negative bias in the MLS CIO
data as discussed in section 2.1. Small gaps in the data have been filled by running the daily averages through a Kalman smoother (as described by Santee
et al. [2004]); paler colors denote the regions in which the estimated precision of the interpolated values is poor (i.e., MLS data are not available). ACE-FTS
CIONO; data have also been smoothed slightly to enhance the legibility of the plots, but the large gaps arising from the sparse sampling of the ACE-FTS
measurements within the polar vortex at the beginning and end of the observation period have not been filled. The black horizontal line in each panel
marks the 490K level. (Bottom row) Corresponding SLIMCAT model results, sampled at the MLS measurement locations and times. For consistency, both
measurements and model results have been interpolated to potential temperature surfaces using NASA’s Global Modeling and Assimilation Office Goddard
Earth Observing System Version 4.0.3 (GEOS-4) temperatures [Bloom et al., 2005].
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Figure 2. Time series over the 2004/2005 Arctic winter as a function of equivalent latitude (EqL) at 490 K. (Top row) CIO and HCI data from MLS and
CIONO; data from ACE-FTS. Only daytime (ascending) data are shown for ClO; the individual measurements contributing to the daily averages have been
adjusted to correct for a known negative bias in the MLS ClO data as discussed in section 2.1. Small gaps in the data have been filled using a Kalman smoother
as in Figure 1. The 1.6x10~*s~! contour of sPV is overlaid in black to demark the approximate edge of the polar vortex. (Bottom row) Corresponding

SLIMCAT model results, sampled at the MLS measurement locations and times.

A quantitative examination is shown in Figure 3, where
daily averages of MLS and ACE-FTS data are compared
with SLIMCAT results in 5° EqL bands from 60° to 80° EqL
to distinguish variations in behavior between vortex interior
and edge regions. ClO; inferred from MLS ClO (section 2.3)
is also compared to the model, along with estimates of Cl,
(the sum of reactive chlorine and the two reservoirs). Sim-
ilarly, Figure 4 shows the evolution of the fraction of total
inorganic chlorine residing in the different species. Varia-
tions in the geographic sampling of inherently inhomoge-
neous fields can give rise to significant day-to-day scatter in
these plots. To minimize the possibility of sampling biases
affecting the comparisons, equivalent points are included in
the averages of all MLS species (i.e., only data passing the
quality control criteria for all species and for which the so-
lar zenith angle is less than 89°), and corresponding pro-
files are selected for MLS and SLIMCAT averages. Unfor-
tunately, the sampling pattern of ACE-FTS is distinctly dif-
ferent from that of MLS, so the ACE-FTS averages do not
encompass the same air masses. The excellent agreement
between ACE-FTS and MLS HCI (cf. solid green circles and
triangles) throughout the winter lends confidence in the rep-
resentativeness of the ACE-FTS averages, although, as seen
below, in some cases the ACE-FTS sampling leads to ambi-

guity in interpreting these time series.

EqL-band averages like those in Figures 3 and 4 for
northern midlatitudes (not shown) indicate that HCI greatly
exceeds CIONO; throughout the study period, representing
~0.7-0.8 of Cl, compared to ~0.2-0.3 for CIONO,. The
high-EqL measurements paint a similar picture for early
winter, before significant processing has occurred. On the
basis of ACE-FTS observations, Dufour et al. [2006] re-
ported that HCI began to decline in early January, with C10
significantly enhanced only after 10 January. MLS data
show, however, that changes in chlorine partitioning at the
highest EqLs occur in early-to-middle December, whereas
they are not evident in the 60—-65° EqL band until January
(Figure 3). Because ACE-FTS samples outside or near the
edge of the vortex in December, it does not capture the onset
of processing.

As noted above, SLIMCAT overestimates chlorine ac-
tivation, with modeled HCl smaller and ClO, larger than
measured by late November in the vortex core and by early
January near the vortex edge. Although the model ini-
tially agrees fairly well with ACE-FTS CIONO,, by Jan-
uary it underestimates CIONO,; at the highest EqLs. It is
unlikely that the greater degree of chemical processing in
the model indicated in Figures 1-4 can be attributed to a



SANTEE ET AL.: Stratospheric Chlorine Partitioning 7

e MLS
2 ACE
a SLIMCAT

3

M .

o

A

Chlorine Species / ppbv
NN

n%’ n
E..l.

=)

3

o}

PRI

Figure 3. Time series over the 2004/2005 Arctic winter of chlorine species at 490 K. Daily means have been calculated by binning the data into 5° EqL
bands and averaging. For MLS CIO, adjustments are made for the known negative bias as discussed in section 2.1. Dashed vertical lines demark calendar
months. Solid symbols denote measurements (circles=MLS, triangles=ACE-FTS); open squares denote SLIMCAT model results. Different colors represent
different species as indicated in the legend. ClO,=Cl0+2xCl, O, calculated from the MLS CIO data as described in section 2.3; Cl,=ClO,+HCI+CIONO;,
using MLS HCl and ACE-FTS CIONO; measurements. For consistency, model CIO, and Cl, are defined similarly.
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Figure 4. As in Figure 3, for the fraction of total inorganic chlorine (Cly) residing in ClO, ClO,, HCI, and CIONO; at 490 K. Note that fewer measurement
points appear here for some of the species than in Figure 3 because data from both ACE-FTS and MLS are needed to define Cl,.



SANTEE ET AL.: Stratospheric Chlorine Partitioning

systematic low bias in the forcing ECMWF temperatures.
Zonal mean temperature differences for December-January-
February 2004/2005 between ECMWEF and CHAllenging
Minisatellite Payload (CHAMP) temperatures are less than
0.5K in the northern polar lower stratosphere [A. Gobiet,
personal communication, 2006], comparable to the biases
seen in similar comparisons for previous years [Gobiet et al.,
2005]. Biases of this magnitude are not sufficient to account
for SLIMCAT’s overly enthusiastic chlorine activation.

We also investigated whether errors in modeled trans-
port influenced chemical processing by producing unrealis-
tic trace gas distributions. Comparisons with measurements
of N,O (Figure 5) and CH4 (from ACE-FTS, not shown)
indicate that the revised SLIMCAT model generally repro-
duces the diabatic descent, as found by Feng et al. [2005],
especially during the first half of the study period. Agree-
ment is not perfect; either the modeled descent is slightly
too strong (as found also by Feng et al. [2007]), or the model
does not have quite enough mixing into the vortex to dilute
the signature of descent, especially at lower levels. Again,
however, the differences are insufficient to explain the dis-
crepancy in reactive chlorine.

The earlier and more extensive activation of chlorine
in the model appears to arise from the NAT equilibrium
scheme used to parameterize PSCs. Maps of SLIMCAT re-
sults (not shown) indicate localized HNOj3 depletion as soon
as temperatures dip below the NAT threshold, as early as
20 November to 1 December depending on the altitude, with
immediate HCI depletion and CIO enhancement in and just
downstream from the PSC region. In contrast, localized de-
pletion in HNO3; and HCI and significant enhancement in
CIO are not seen in MLS data until ~10 December. These
small pockets of processed air are smeared out in the aver-
ages shown in previous plots, which consequently suggest
an even greater lag between the onset of modeled and mea-
sured processing. The dramatic difference in the evolution of
MLS and SLIMCAT HNO:s is illustrated in Figure 5, which
shows that modeled HNOj is almost completely depleted by
early January at the highest EqLs below ~500K. Initial-
izing the model with MLS H,O may have exacerbated this
problem, since that tended to increase H,O abundances over
those in the original initialization field and thus increased the
temperature at which NAT formation occurs. Overestima-
tion of chlorine activation appears to be largely independent
of initial conditions, however, as Feng et al. [2005] also re-
ported pronounced enhancement in model reactive chlorine
by 1 December (the first date shown) in several Arctic win-
ters. These results underscore the difficulty in realistically
simulating chlorine activation, a rapid process triggered by
crossing a narrow threshold of physical conditions.

Figures 3 and 4 show that observed HCI continues to ex-
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ceed CIONO; until late January, at which time each reservoir
represents only ~0.1 of Cl, in the vortex core. ClO,/Cl,
peaks at ~0.8-0.9 in late January/early February, attain-
ing larger values at higher EqLs as seen in UARS MLS
CIO [Santee et al., 2003]. The approximation to Cl, based
on MLS and ACE-FTS measurements departs significantly
from initial values in the vortex core during the period of
peak activation. This is in contrast to modeled Cly, which
stays relatively flat (in terms of day-to-day variations; the
slight growth in model Cl, over the course of the winter
results from descent bringing down air in which more of
the source gases have photolyzed, releasing chlorine). That
measured Cl,, varies by as much as 0.5 ppbv only at the high-
est EqLs and only during late January and February may
suggest a contribution from an unmeasured species in po-
lar night. Wilmouth et al. [2006] attributed a ~0.5-1.0 ppbv
discrepancy in the chlorine budget in midwinter 1999/2000
to the presence of significant concentrations of Cl, in dark-
ness. HOCI may also play a minor role, and other unmea-
sured forms of inorganic chlorine have been proposed [e.g.,
Sander et al., 1989]. On the other hand, the observed vari-
ability may simply be related to the sampling of the ACE-
FTS measurements relative to the shape of the vortex, as
discussed further below and explored in detail by Manney
et al. [2007].

Both ACE-FTS and MLS provide unambiguous evidence
that HCI abundances deep inside the midwinter vortex re-
main relatively constant at ~0.1-0.2 ppbv for several weeks,
during which MLS observes ClO to decrease and ACE-FTS
observes CIONO; to increase. It is possible that the steep
slope in CIONO; in early and mid-February is not a real
atmospheric signal but merely an artifact. The sparse ACE-
FTS sampling combined with strong PV and trace gas gra-
dients across the vortex edge could induce large variations
in averages calculated within 5°-wide EqL bins, especially
since from early February onward the vortex was very dy-
namically active, with episodes of strong wave activity and
mixing until the final warming in mid-March [Manney et al.,
2006]. On the other hand, the undulations seen in ACE-
FTS CIONO; later in February and March and the sharp
drop at lower EqLs in late March are strongly correlated
with changes in N»,O and CHy (not shown), indicating a dy-
namical and/or sampling origin, whereas the tracers show no
major variations in early February. This strongly suggests
that the observed increases in CIONO; in early February are
chemical in nature. Thus substantial recovery of CIONO,
precedes that of HCI at the end of the 2004/2005 winter.

CIONO; peaks in early-to-middle March, at values much
higher than observed at the beginning of winter (~2 ppbv;
CIONO,/Cl, ~0.6-0.7, Figure 4), and then slowly declines
as chlorine is shifted into HCI, the longer-lived reservoir.
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Figure 5. As in Figure 1, for MLS N, O, HNO3, and O3 and corresponding SLIMCAT model results. MLS HNOj3 values have been scaled by 0.7 to account

for a known high bias in v1.5 HNO3 data (see section 2.1).

Although starting to level off, HCI has not quite recovered
to pre-winter abundances by the end of the study period,
when HCI and CIONO; fractions are roughly equal at ~0.4—
0.6, depending on the EqL band. Thus ACE-FTS and MLS
measurements during the 2004/2005 winter clearly support
the canonical view of chlorine deactivation in the Arctic
(section 1), with the primary pathway the reformation of
CIONO,, followed by slow repartitioning between CIONO,
and HCI. This is in contrast to the findings of Wilmouth et al.
[2006], who conclude that HCI production approached that
of CIONO; during the initial recovery phase in 1999/2000.
We do agree, however, that some HCI remains in the vortex
even when chlorine is at peak activation; the lowest midwin-
ter HCI mixing ratios measured by ACE-FTS and MLS (Fig-
ure 3) are consistent with the minimum HCI value inferred
by Wilmouth et al. [2006].

Wilmouth et al. [2006] point out that their results pertain
to the portions of the Arctic vortex sampled by the ER-2 dur-
ing the exceptionally cold 1999/2000 winter and may rep-
resent an atypical situation. The 2004/2005 winter studied
here, however, was also exceptionally cold (in fact, by many
measures it was even colder, if considerably less quiescent
dynamically). Thus relative rates of recovery in HCI and
CIONO:;, like those reported by Wilmouth et al. [2006] might
have been expected in 2004/2005.

The model simulations in Figure 3 do not mirror observed

CIONO:a,. One possible cause for the discrepancy is that, be-
cause the model results are sampled at MLS measurement
locations and times, they are not well-aligned with the lo-
cal solar times of the ACE-FTS occultations, which cor-
respond to sunrise measurements before mid-February and
sunset measurements after that time. Comparisons between
averages of daytime-only and nighttime-only SLIMCAT val-
ues (not shown) suggest, however, that the small changes
in CIONO; over the diurnal cycle cannot account for the
model/measurement divergence seen in Figure 3.

Previous studies have shown that chlorine partitioning is
highly sensitive to ozone abundances, with lower ozone mix-
ing ratios in late winter leading to preferential reformation of
HCl [e.g., Douglass et al., 1995; Groof3 et al., 1997; Mick-
ley et al., 1997; Douglass and Kawa, 1999; Groof; et al.,
2005]. In order to successfully simulate the relative abun-
dances of the reservoir species it is necessary that measured
and modeled ozone agree. Figure 5 shows that as the cumu-
lative ozone loss resulting from the greater model chlorine
activation outpaces the larger influx of ozone into the lower
stratosphere from the stronger model descent, measured and
modeled ozone values diverge at the highest EqLs. Unlike
earlier versions of SLIMCAT, which underestimated Arc-
tic ozone loss, the version used here slightly overestimates
the loss observed in 2004/2005 [Feng et al., 2007; Single-
ton et al., 2007]. The discrepancy between measured and
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modeled ozone is not yet that substantial by early-to-middle
February, however, and is also smaller at 490K than at lower
altitudes. Furthermore, the model does not exhibit a rapid
rise in HCI to compensate for the slow response in CIONO5;
modeled and measured values of HCI agree well during this
period. The model simply fails to form CIONO, as rapidly
as observed.

The underestimation of CIONO; during the initial recov-
ery period most likely arises because SLIMCATs ability to
form CIONO; is limited by the availability of NO,, which is
produced through HNOj3 photolysis and reaction with OH.
Because the model overestimates the prevalence of PSCs
and/or the degree of denitrification, gas-phase HNO3 is sup-
pressed, allowing ClO to remain enhanced. The modeled
deactivation process is thus fundamentally similar to that in-
dicated by the measurements, but the longevity of modeled
PSC activity induces a shift of several weeks in its timing.
SLIMCAT CIONO; peaks in mid-to-late March, whereas
the measurements indicate that it is already starting to de-
cline by that time as chlorine is converted into HCI. The
model therefore slightly overestimates CIONO; and under-
estimates HCI toward the end of the study period in most
EqL bins.

Corresponding plots for other potential temperature sur-
faces (not shown) reveal a similar picture of vortex chlorine
activation and deactivation, although small differences in the
timing of these processes are evident. As can be seen in Fig-
ure 1, chlorine is activated at roughly the same time through-
out the lower stratosphere, but CIO remains enhanced about
a month longer at 460K than at 580K. A similar down-
ward progression in the altitude of peak CIO has also been
reported in UARS MLS [Santee et al., 2003] and Antarctic
ground-based [de Zafra et al., 1995; Solomon et al., 2002]
measurements, consistent with the effects of diabatic descent
and the patterns in temperatures and PSC formation in late
winter. In addition, at higher altitudes HNO3 abundances are
larger (Figure 5), and Chipperfield et al. [1997] have shown
that the rate of release of NO, from HNOj; is about a factor
of two faster, leading to earlier recovery.

3.2. The 2005/2006 Arctic Winter

The 2005/2006 Arctic winter started out with an unusu-
ally strong cold vortex, but a major stratospheric sudden
warming in mid-January effectively terminated winter con-
ditions, curtailing chemical processing [World Meteorolog-
ical Organization, 2006]. Prior to the warming, the vortex
was highly elongated, with the cold pool situated well off the
pole in the region of both sunlight and strong winds. These
conditions promoted significant chlorine activation several
weeks earlier than in 2004/2005 (cf. Figures 1 and 6). Cl1O
also peaked at higher altitude, near 520 K. SLIMCAT again
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calculates chlorine activation that is considerably greater in
magnitude, spatial extent, and duration than observed (Fig-
ures 6 and 7). As for the previous winter, comparisons of
measured and modeled HNOj3 (Figure 8) indicate that the ex-
aggerated activation in the model can be attributed to overly
abundant PSCs.

In addition to earlier onset of substantial activation, the
evolution of chlorine partitioning differs from that in the
previous year in several other ways (cf. Figures 3 and 7).
In 2004/2005, chlorine is initially deactivated into CIONO,,
with CIONO, abundances exceeding those of HCI for 1-
2 months. In 2005/2006, HCl rises at roughly the same rate
as CIONO, between 65° and 75° EqL (Cl, fraction of both
~0.4-0.5 at the beginning of February, not shown). At 75—
80° EqL, however, CIONO;, reforms first and briefly sur-
passes HCI at the end of January/beginning of February.
Thus, unlike in 2004/2005, a different picture of chlorine
deactivation is seen at different locations in the vortex: in
accord with the canonical view in the innermost core, but in
accord with that presented by Wilmouth et al. [2006] else-
where. Even at 75-80° EqL, CIONO, plays a less impor-
tant role than in the previous winter, with CIONO,/Cl,, never
quite reaching 0.6 and with the period of CIONO; in ex-
cess of HCI lasting only a few weeks. Furthermore, the rel-
ative abundances of the two reservoirs vary with altitude;
whereas in 2004/2005 the characteristics of chlorine deacti-
vation are essentially similar at all potential temperature lev-
els, in 2005/2006 the recovery rates for HCl and CIONO; at
70-75° EqL are roughly comparable at the top three levels
but CIONO; reformation is faster at 490 and 460K (Fig-
ure 9). As at 520K, however, latitudinal differences are seen
at these levels.

The patterns of chlorine partitioning in Figures 7 and 9
may have been influenced by mixing. Even before the major
warming, the 2005/2006 winter was more dynamically ac-
tive than the previous year, with potentially large exchange
between extravortex, edge, and vortex interior air. ACE-FTS
sampling may also be a factor. As discussed earlier, EqL
band averages based on only a few measurements near the
edge of the collar region may exhibit day-to-day variations
unrelated to chemical changes. ACE-FTS tracer measure-
ments, however, do not reflect substantial heterogeneity in
the sampled air masses until late January (Figure 8), well af-
ter the start of the rapid increase in HCl. Moreover, MLS
indicates HCIl production rates very similar to those from
ACE-FTS at all EqLs and altitudes. Thus, even without con-
sidering CIONO,, clear differences in chlorine reservoir ref-
ormation are evident in the two winters.

Differences are also observed in other species; in par-

ticular, although ozone abundances are initially very simi-
lar to those at the beginning of the 2004/2005 winter, by



SANTEE ET AL.: Stratospheric Chlorine Partitioning

700 -
600 [
500

400t

12

vm 4
A \‘Ill
i IV

L

LAl o e

700

600 |

Potential Temperature / K

\

Nad )
LT} A“” B

Ay

ury / opmny oyewrrxoxddy

Al 116

1Dec 1Jan 1Feb 1Mar 1Apr 1Dec 1Jan

1 Feb 1Mar 1 Apr

1Dec 1Jan 1Feb 1Mar 1 Apr

EETHE ENEEES U pEECES EEEEES S pEEOES EEEEES S

0.08 0.24 0.40 0.56 0.72 0.88 1.04
CIO / ppbv

02 06 10 14 18 22 26
HCI/ ppbv

02 06 1.0 14 18 22 26
CIONO, / ppbv
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January they are significantly smaller in much of the vor-
tex. Since ClO is already highly enhanced, chemical ozone
loss may be partially responsible for the lower ozone mix-
ing ratios in January 2006 [World Meteorological Organiza-
tion, 2006]. In addition, the fact that N»O mixing ratios are
higher (not shown) suggests that diabatic descent is weaker
in 2005/2006 than in 2004/2005, contributing to lower ozone
values. The inference of weaker descent in 2005/2006 is
consistent with differences in the GEOS-4 diabatic heating
rates between the two winters.

Detailed examination (not shown) reveals that where Jan-
uary 2006 ozone abundances are similar to those in 2005
(e.g., at 75-80° EqL at 520K or 70-80° EqL at 490K),
CIONO.; recovery precedes that of HCl, whereas where they
are ~0.5 ppmv less than those in 2005 (e.g., at 65-70° EqL
at 520 and 490 K), CIONO, and HCl recovery rates are com-
parable. This appears to be consistent with the results of
Douglass and Kawa [1999], who showed that, in compar-
ison to 1992, a colder and more persistent vortex delayed
deactivation and exacerbated ozone loss in 1997, when HC1
recovered much more rapidly. Using a 3D chemical trans-
port model, Douglass and Kawa [1999] found that in 1997
low temperatures and low ozone combined to push chlo-
rine partitioning toward HCIl, with HCI/Cl, similar to that
in the Antarctic (~0.8-0.9). The difference in ozone be-
tween the parcels in 1992 and those in 1997 in which HCI1
increased was ~0.5 ppmv; temperature was also found to

play a nonnegligible role in promoting HCI production. The
meteorological and chemical ozone loss conditions in 2006
are very different from those in 1997 [Douglass and Kawa,
1999] or 2000 [Wilmouth et al., 2006], and a dedicated set
of model sensitivity tests (beyond the scope of this paper)
is needed to confirm the critical role of ozone in controlling
chlorine reservoir reformation for the specific conditions of
the 2005/2006 winter.

4. Southern Hemisphere Seasonal Evolution

4.1. The 2005 Antarctic Winter

The lower stratosphere was colder than average during
much of the 2005 Antarctic winter, with temperatures low
enough to support PSCs over a substantial portion of the vor-
tex from late May until mid-to-late September [World Mete-
orological Organization, 2005]. The vortex was also very
strong, particularly from the beginning of July through Oc-
tober.

An overview of the chlorine partitioning throughout the
2005 Antarctic winter is shown in Figures 10 and 11. Cl1O
starts to increase in the sunlit portions of the vortex by late
May (not shown), but significant enhancement is not evident
in the vortex averages until early June. Chlorine activation
continues to intensify until September, after which deacti-
vation is rapid, with steep slopes in the CIO and HCI con-
tours. Vortex-averaged CIONO,; values are high throughout
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the lower stratosphere during a brief interval in mid-August,
but this is largely a sampling artifact that arises as ACE-FTS
coverage of the southern high-latitude region switches from
sunrise to sunset occultations, causing an interlude in which
no observations are made deep in the vortex, as shown in
Figure 11, skewing the vortex averages toward values more
representative of the collar region than the vortex interior.

The disparity between modeled and measured quantities
is less severe than in the Arctic. From late June through mid-
July, measured ClO actually exceeds that from the model
in much of the lower stratosphere (Figure 10). The better
agreement suggests that the model’s equilibrium NAT PSC
scheme is more appropriate in the Antarctic, where the re-
gion of low temperatures is typically both larger and more
concentric with the vortex than in the Arctic. Nevertheless,
SLIMCAT again indicates earlier, more extensive, and more
abrupt chemical processing. Consistent with these results,
Figure 12 shows the much larger extent and degree of mod-
eled HNOs3 depletion. Figure 12 also shows that the model
calculates considerably stronger diabatic descent than indi-
cated by MLS N>O measurements. The vigorous descent
may partially compensate for the greater chlorine activation,
since modeled ozone abundances at the end of the winter are
only slightly lower than those measured by MLS.

As in the Arctic, HCI greatly exceeds CIONO, (HCI/CI,
~0.7-0.8, CIONO,/Cl, ~0.2-0.3) at southern midlatitudes
(not shown) and at high latitudes before significant process-
ing. Figure 13 shows the high-EqL averages at 520K, near
the altitude of maximum activation. Many fewer points ap-
pear at the highest EqLs than in the corresponding plots
for the Arctic, where more distortion of the vortex leads to
greater data coverage in sunlit conditions in early winter.
HCI drops rapidly and by late June/early July approaches
zero poleward of 60° EqL. CIONO, also approaches zero
at the highest EqLs but does not drop below ~0.2-0.4 ppbv
at 65-70° EqL, and it increases over initial values at 60—65°
EqL as the CIONO; collar develops. Chlorine becomes fully
activated (ClO,/Cly ~ 0.9-1.0) at the highest EqLs by early
July and remains so until early September, when deactiva-
tion commences.

At first glance, the EqL-band averages in Figure 13 ap-
pear to indicate that CIONO; and HCI recover at roughly
the same rates at the end of winter, contrary to previous
studies, which have found preferential reformation of HCI1
in Antarctic spring [e.g., Douglass et al., 1995; Santee et al.,
1996; Groof et al., 1997; Mickley et al., 1997; Michelsen
et al., 1999]. Unlike in the Arctic, however, ACE-FTS and
MLS HCI measurements are not in good agreement in late
winter even at the highest EqLs (compare Figure 13 with
Figures 3 and 7), suggesting that they are sampling differ-
ent air masses. This is confirmed in Figure 14, which shows
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oscillations or sharp changes in ACE-FTS N,O, CHy, O3,
and HNOs in all EqL bands in September. This pattern is
characteristic of abrupt changes in the region of the vortex
sampled by ACE-FTS, consistent with the shift in the sunset
occultations from the highest latitudes deep inside the vortex
to near or just outside the vortex edge during this period, as
illustrated in Figure 15. This transit through the collar region
imposes increases in ACE-FTS HCI and CIONO; on top of
those caused by chemistry, complicating interpretation of the
chlorine partitioning.

By the end of the study period, MLS registers HCI abun-
dances of 2.5-3.0 ppbv throughout most of the vortex (Fig-
ure 13), considerably higher than those observed before the
onset of chemical processing. In fact, the HCI measured in
mid-October is roughly comparable to the pre-winter esti-
mate of Cl,, implying that CIONO, values are extremely
low at this time. Few season-long HCI data records ex-
ist to compare this result against, but it is consistent with
previous studies based on measurements from the Michel-
son Interferometer for Passive Atmospheric Sounding (MI-
PAS) [Hopfner et al., 2004] and the UARS Cryogenic Limb
Array Etalon Spectrometer (CLAES) [Roche et al., 1994],
which found CIONO; mixing ratios in Antarctic spring (Oc-
tober/November) to be lower than those at the start of winter.

Although measured and modeled chlorine species gener-
ally match much better than in the Arctic, during the deac-
tivation phase agreement between SLIMCAT and MLS HCI
varies with EqL. Despite slightly overestimating activation
in September at the highest EqLs, SLIMCAT overestimates
HCI as measured by MLS. At 65-70° EqL, SLIMCAT and
MLS HCI agree well throughout September. Near the vor-
tex edge, SLIMCAT significantly underestimates HCI. Even
where SLIMCAT matches MLS HCI in September, how-
ever, it underestimates it by mid-October, because the model
partitions a nonnegligible amount of chlorine into CIONO»,
such that CIONO, approximately equals that calculated in
the fall. A fundamentally similar picture of chlorine acti-
vation and deactivation is seen throughout the lower strato-
sphere, although slight differences in the magnitude or du-
ration of the model/measurement discrepancy are found (not
shown).

4.2. The 2004 Late Antarctic Winter

Lower stratospheric minimum temperatures were below
average and the vortex was unusually strong during the first
half of the 2004 Antarctic winter. After MLS began routine
science operations in mid-August, however, lower strato-
spheric temperatures rose and remained near average [San-
tee et al., 2005]. Conditions near the top of the ozone hole
(~580-550K) were even warmer, with vortex minimum
temperatures significantly higher than in other recent years
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Figure 11. As in Figure 2, for the 2005 Antarctic winter at 520K. The 1.4x10~*s~! contour of sPV is overlaid in black to demark the approximate edge of
the polar vortex.
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throughout most of August and September [Hoppel et al.,
2005]. Dynamical activity was also stronger than typical
[World Meteorological Organization, 2007].

Comparison of Figures 13 and 16 indicates that the warmer
and more dynamically disturbed conditions in the latter half
of the 2004 winter led to considerably less extensive pro-
cessing and an earlier retreat from maximum chlorine acti-
vation than in 2005, consistent with the much smaller degree
of ozone loss than in most other recent winters, including
2005 [Hoppel et al., 2005; World Meteorological Organiza-
tion, 2007]. Nevertheless, chlorine deactivation proceeds in
a very similar manner in the two winters, with MLS indi-
cating a rapid rise in HCl in September. HCl abundances
in mid-October, however, are slightly lower than those in
2005, especially at lower EqLs. CIONO, behavior is very
similar to that observed in 2005, again apparently implying
that the two reservoirs recover at comparable rates. Because
the ACE-FTS coverage pattern repeats from year to year, the
same issues discussed in section 4.1 arise in disentangling
chemical, dynamical, and sampling effects and determining
the relative recovery rates of the chlorine reservoirs based on
the ACE-FTS data.

As in other winters studied here, SLIMCAT overesti-
mates chlorine activation. The mismatch between modeled
and measured HCl in late September and October is larger at
high EqLs but smaller near the vortex edge than in 2005. In

most bins the curves have converged by the end of the period,
with modeled and measured HCl in fairly good agreement.

5. Summary and Conclusions

We use a suite of Aura MLS and ACE-FTS measure-
ments from two Arctic and two Antarctic winters to investi-
gate interannual and interhemispheric variability in chlorine
partitioning throughout the lower stratosphere (400-750K).
Theoretical understanding of chlorine activation and deacti-
vation is assessed by comparing the measurements to cus-
tomized runs of the recently-updated SLIMCAT 3D chemi-
cal transport model.

In both hemispheres at middle latitudes, and at high lat-
itudes before the onset of chlorine activation, HCI] greatly
exceeds CIONO,, representing ~0.7-0.8 of Cl, (estimated
from MLS CIO and HCI and ACE-FTS CIONO,), compared
to ~0.2-0.3 for CIONQO,. Measured and modeled values
typically agree well at these locations/times.

The 2004/2005 Arctic winter is the coldest on record
in the lower stratosphere, causing extensive heterogeneous
chemical processing. MLS observes ClO enhancement at
the highest equivalent latitudes starting in early to middle
December. Although HCI declines throughout the activa-
tion period, it continues to exceed CIONO, until late Jan-
uary, at which time each reservoir represents only ~0.1 of
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Figure 15. Maps of MLS HCI for selected days in September 2005, interpolated to 520 K. Overlaid white dots indicate the ACE-FTS occultation locations.

Cly in the vortex core, with CIO,/Cl, reaching ~0.8-0.9.
CIO then begins to decrease in early to middle February as
lower stratospheric temperatures rise. ACE-FTS CIONO,
increases throughout the vortex beginning in early February,
whereas HCl from both ACE-FTS and MLS remains low
and relatively constant until late February or early March.
CIONO; peaks in early-to-middle March, at mixing ra-
tios much higher than observed at the beginning of winter.
CIONO; then slowly declines as chlorine is shifted into HCI,
which has not quite recovered to pre-winter abundances by
the end of the study period (15 April), when HCI/Cl, and
CIONO,/Cl, are roughly comparable (~0.4-0.6). A funda-
mentally similar picture is seen throughout the lower strato-
sphere. Thus MLS and ACE-FTS provide consistent ev-
idence that chlorine deactivation in the 2004/2005 Arctic
winter occurred through the initial reformation of CIONO,
followed by the slow repartitioning between CIONO, and
HCI, in agreement with the canonical view of Arctic chlo-
rine recovery.

A different picture of chlorine recovery emerges from the
2005/2006 Arctic winter. Initially a strong cold vortex leads
to substantial chlorine activation several weeks earlier than
in 2004/2005, but a major warming in mid-January curtails
chemical processing. Deactivation proceeds with HCI rising
at roughly the same rate as CIONO; near the vortex edge.
CIONO; reforms first and briefly surpasses HCI in the vor-
tex core, but even there it plays a less important role than
in 2004/2005. Detailed examination shows that where Jan-
uary 2006 ozone mixing ratios are similar to those in 2005,
CIONO; recovery precedes that of HCI, whereas where they
are ~0.5 ppmv less, CIONO;, and HCI recovery rates are
comparable. This appears to be consistent with the results
of Douglass and Kawa [1999], who found that low ozone
and low temperatures combined to push chlorine partition-
ing toward HCl in spring 1997.

The Southern Hemisphere winters studied here also cover
both cold (2005) and relatively warm and disturbed (2004)
conditions. Unlike in the north, however, the meteorological
situations are sufficiently similar that chlorine deactivation

proceeds in the same manner. ClO, which is enhanced in the
sunlit portions of the vortex by late May, starts to decline in
late August or early September, at which time MLS observes
a rapid rise in HCl. ACE-FTS suggests that CIONO, recov-
ers at roughly the same rate as HCI, contrary to results from
previous studies. ACE-FTS measurements of HCI (and other
species) do not agree well with those from MLS, however,
indicating that the instruments sample different air masses.
These sampling differences preclude definitive interpretation
of changes in chlorine partitioning. By mid-October, MLS
HCl is considerably higher throughout the vortex than mea-
sured at the beginning of winter, implying extremely low
values of CIONO,. An essentially similar pattern of chlo-
rine activation and deactivation is observed throughout the
lower stratosphere.

Although modeled and measured values generally agree
well outside the winter polar regions, SLIMCAT overesti-
mates the magnitude, spatial extent, and duration of chlorine
activation inside the polar vortices. The most likely cause of
this discrepancy is SLIMCAT’s PSC parameterization. Be-
cause the standard model employs an equilibrium scheme
that calculates NAT PSC particles to be present whenever
they are thermodynamically allowed, modeled chlorine ac-
tivation begins earlier and lasts longer than indicated by the
measurements, particularly in the Arctic. Chlorine deacti-
vation follows a path similar to that seen in the data, but
the longevity of modeled PSC activity induces a shift of
several weeks in its timing. In general, the disparity be-
tween modeled and measured quantities is smaller in the
Antarctic, where the equilibrium PSC scheme is perhaps
more suitable than in the Arctic. Our results highlight the
need for more accurate modeling of PSC processes, such as
the 3D Lagrangian NAT particle sedimentation model used
with SLIMCAT in studies of Arctic denitrification by Davies
et al. [2005, 2006]. Incorporation of a microphysical model
into the full-chemistry version of SLIMCAT is required to
fully exploit the wealth of observations available for refin-
ing our understanding of polar chlorine partitioning.
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